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Certain imperfections in alpha-quartz are found to introduce anelastic

absorption at low temperatures in crystal resonators. For a shear wave

of 5 me, absorption peaks arc observed at approximately 20° and 50°K in

unirradiated samples. X-irradiation effects a lowering of the amplitude of

the 50°K absorption, while a new absorption is introduced at 100°K.

The results of acoustic absorption measurements on a number of selected

samples of synthetic quartz resonators suggest that, whereas the 50°K absorp-

tion is attributable to excess oxygen, the 100°K defect involves aluminum
which is present substitutional^ in the crystal structure.

X-irradiation-induced lowering of the resonant frequency of crystal res-

onators is clearly the result of a lowering of the elastic modidus associated

with the 100°K anelastic absorption.

I. INTRODUCTION

Measurements of the internal friction in crystals have revealed me-
chanical relaxation processes which can be attributed to crystal defects.

Bordoni 1
first observed a mechanical relaxation of this kind in a number

of metals at low temperatures. The amplitude of the absorption was
found to be enhanced by cold work and reduced by annealing. Subse-

quent measurements of the loss in lead by Bommel2 and in copper by
Niblctt and Wilks3 served to confirm Bordoni's findings and further to

associate the relaxation with the movement of dislocations under the

action of an applied shearing stress.

Recently, a study of the low-temperature anelasticity in quartz by
Bommel, Mason and Warner4 disclosed two structural relaxation proc-

* This work has been supported in part by U. S. Armv Signal Corps Contract
DA-36-039 sc-64586. This article will be a chapter in Deject Structure of Quartz
and Glassy Silica, to be published in 1959 by John Wiley & Sons, New York.
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esses. For a frequency of vibration of 5 mc, one relaxation absorption

appears at about 20°K and probably derives from dislocations, while the

other, occurring at 50°K, is apparently due to a deformation of the lat-

tice network.

The purpose of the present investigation is two-fold : (a) to probe the

nature of the deformation defects in quartz through a study of the de-

pendence of the 50°K absorption on selected natural and synthetic

samples, and (b) to determine the relationship between the behavior of

quartz crystal resonators at room temperature and the anelastic effects

arising from crystal imperfections. In these studies, samples of quartz

are subjected to x-irradiation and electrolytic purification. A brief paper

describing the dependence of the 50°K absorption in synthetic quartz

upon seed plate orientation and the effect of x-irradiation on the ampli-

tude of the 50°K absorption has been published. 5

II. EXPERIMENTAL PROCEDURE

The experimental technique adopted in this study involves the fabri-

cation of high-Q rotated Y-cut resonators6 from the quartz to be ex-

amined. The (T
1
of the crystal unit at resonance is calculated from its

equivalent electrical characteristics as determined in a transmission

circuit test set. A block diagram of the essential components of the meas-

uring circuit is shown in Fig. 1. The resonant frequency of the crystal

unit at minimum impedance* is the frequency of the variable oscillator

(frequency synthesizer) adjusted to obtain a peak reading at the de-

tector. For this condition, the equivalent resistance of the crystal unit,

72i , is the value of a resistor which, when substituted for the crystal,

gives the same detector reading.

Since the Q for natural quartz thickness shear vibrators can be made

as high as several million, it is assumed that Q~ l
for such resonators is a

measure of the internal friction of the quartz itself, i.e., it is independent

of the mounting structure. Variations in the frequency-determining

R3 "•. R
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—
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FREQUENCY
SYNTHESIZER I

AMPLIFIER
DETECTOR

Pig i __ Transmission circuit test set used to measure resonator characteris-

tics of quartz.

* Except for large values of Q~ l
, the frequency at minimum impedance may be

taken to equal the frequency at series resonance.
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elastic modulus of quartz due to anelastic processes are reflected as varia-

tions in the resonant frequency of vibration.

The crystal and resistance network shown in Fig. 1 are located in a

holder assembly (see Fig. 2) which is suspended in a dewar containing

liquid helium. The glass envelope surrounding the mounted crystal reso-

nator is filled with helium gas to a pressure of 1 mm Hg at room tempera-

ture before it is sealed off. The amount of damping due to this back-

ground gas is negligibly small, and the gas provides a thermal lock

between the crystal and a copper oven in which the resonator is placed.

To maintain the crystal at the helium-bath temperature, a small amount

of helium gas is transferred into the sample holder. For operation above

•4.2°K, the pressure within the sample holder is reduced to less than 5 X
10

-5 mm Hg and a current is passed through the oven winding. For each

incremental increase in heater current, the oven will equilibrate at some
higher temperature. The equivalent crystal resistance and frequency at

resonance is recorded for increasing temperature.

The thermometry below 4.2°K employs the saturated vapor pressure

of helium. Between 4.2°K and 30°K a carbon-composition type resistor

is used and, above 30°K, a copper-constantan thermocouple. The fre-

quency of the crystal unit is used to indicate whether the quartz sample

is at temperature equilibrium with its surroundings. This technique is

quite sensitive, because of the large temperature coefficient of frequency

above 15°K for the type of crystals investigated.

III. SOME THEORETICAL CONSIDERATIONS

In a non-ideal solid, stress and strain are not uniquely related. This

can be demonstrated by observing that, although the stress required to

cause an instantaneous strain in a solid is a linear function of the re-

sulting strain, the continued application of stress will cause an additional

reversible component of strain to develop. This gradual relaxation of

strain for a constant stress can be characterized by a relaxation time.

Alternately, if the solid is subjected to a constant strain, the initial stress

becomes relaxed to a certain degree. Hence, the mathematical expression

tor the mechanical behavior of a solid must include the rates of change

of stress and strain.

When a solid is made to vibrate at some frequency, /, it can be shown7

that a relaxation process will cause the stress to be out of phase with the

strain by an angle 5 and that

tan 5 = A
"""

(1)
1 + (cor)-
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Fig. 2 — Crystal holder assembly used for measurement of internal friction of

quartz at low temperatures.
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where co = 2wf, t is the relaxation time for the relaxation process, and A,

the relaxation strength, is a measure of the relative change due to com-
plete relaxation in the frequency-determining elastic modulus. Tan 8

is a measure of the absorption of energy and is equivalent to Q~l
. A

plot of tan 5 vs. w describes a curve with an absorption maximum equal

to A/2 when co = 1/r, or

Q~\x = A/2. (2)

On either side of the peak, tan 8 becomes vanishingly small for co « t

and co » r. This means that, if the frequency of vibration is either much
greater or much less than the jump frequency for the relaxation process

given by 1/r, the strain is essentially in phase with the stress. However,

when the angular frequency of vibration is equal to 1/r, the phase angle

Is a maximum, resulting in an absorption peak.

The relationship between relaxation time and temperature is provided

by the distribution of energy levels. Most often this distribution is an

Arrhenius type such that

T = TOO
, (3)

where to is a constant, E is the activation energy for the relaxation and R
is the gas constant. The absorption curve plotted as a function of tem-

perature for a simple relaxation process, i.e., involving a single activa-

tion energy, is given in Fig. 3.

The effect which structural relaxation has upon the frequency-deter-

M

VNj)

M=Mu

I \^ M = M R

JK^
TEMPERATURE ,

T

Fig. 3 — Variation of internal friction and real modulus with temperature for
simple relaxation process.
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mining elastic modulus M is given by

U = Ma - f' ~ M'
, (4)

1 + (cot)-

where M = Mv when co » r, and .1/ = M R when u « r. Thus, when the

frequency of vibration is much greater than the relaxation time, there

occurs no delayed elastic response in the medium. The modulus for this

condition is therefore unrelaxed and denoted by Mv . However, when

co « t there is sufficient time between reversals in the direction of the

stress for the delayed elastic response to be effective. The result of com-

plete relaxation causes the modulus to be lowered to MR .

The change in the modulus with temperature is also given in Fig. 3.

It will be observed that the inflection temperature in the curve of M
vs. T is the same as that corresponding with tan SmMC . The mechanical

behavior of a solid at temperatures below a given relaxation absorption

peak is, therefore, unaltered by anelastic effects attending the relaxation

process.

The terms in (3) can be rearranged in the following manner

:

Mv -M = MV -MR /
1 + (wr) «. (5)

Mr Mr I

The expression (Mv - MR)/MR ,
giving the relative change in the

modulus due to complete relaxation, has been previously denoted as the

relaxation strength A.

According to the above analysis, if a relaxation process is induced by

some means in a solid, then the elastic modulus at temperatures where co

is greater than t will be lowered. On the other hand, if a defect which

introduces a structural relaxation is eliminated, then the elastic modulus

for the solid will be increased at temperatures where co is greater than t.

IV. ANELASTIC ABSORPTION IN QUARTZ

There are at least three basic types of crystal defects which can con-

tribute to the anelasticity of quartz

:

(a) impurity ions, which can break away from attracting centers and

diffuse from one equivalent interstitial site to another within the crystal;

(b) a deformation of the normal crystal network, allowing for the os-

cillation of segments of the crystal lattice between positions of equal

potential energy and

(c) rows of atoms comprising dislocation lines, which move in the

crystal glide planes.

The indicated motions for the above defects are thermally activated
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and, therefore, at a given temperature the structural elements involved

surmount an energy barrier, whose height is given by E in (3), with a

jump frequency, 1/t, characteristic of the process. If, by subjecting

quartz to a stress, there results an energy bias of the potential wells

between which the defect element moves, then the defect population

density in the position of lowest energy will preferentially increase. Thus,

there occurs a delayed elastic response.

We will limit this report to an examination of the anelasticity of quartz

arising from the deformation-type defects.

AT-cut* overtone crystal units have been fabricated using electrical

grade Brazilian quartz and various samples of synthetic quartz. In view

of the dependence of a number of the physical properties of synthetic

quartz upon the direction of crystal growth, the synthetic crystal units

will be classified according to the particular seed surface on which the

quartz is grown. Thus, resonators obtained from growth on a z-minor

rhombohedron are termed z-face or z-minor samples. Samples taken

from growth on a basal cut or from the Z-growth region on a Y-bar seed

crystal are denoted as Z-growth sample resonators.

In Fig. 4 the internal friction at 5 mc in natural and synthetic quartz

at low temperatures is shown by the curves of Q~l vs. T for representative

crystal units. In these samples two absorption peaks are immediately

evident, one in the neighborhood of 20°K and the other at 50°K. In the

case of natural quartz these absorptions have been attributed to struc-

tural relaxations. The relaxation frequencies for the two mechanisms

are reported4 to be

t20'k = 7.7 X 10- 10
e
m,BT

(6)

and

T6o k = 10 13
e . (7)

An examination of the magnitudes of t and E for the two absorptions

suggests that the 20°K relaxation mechanism involves the motion of

dislocations and that the 50°K relaxation process is probably due to a

deformation of the crystal lattice.

As may be observed in Fig. 4, the synthetic samples representative of

both z-face and Z-growth material exhibit an extremely large absorption

at 50°K. 5 (Henceforth, the same two samples of synthetic quartz will

be used for all reported resonator measurements unless specified other-

wise.) In comparison with natural quartz, it is common to find the 50°K
absorption peak in z-face and Z-growth quartz almost three and two

* A Y-cut plate rotated about the X-axis by an angle = +35° 15'.
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Fig. 4 — Internal friction at 5 mc for thickness shear vibration (AT-cut) in

natural quartz and two representative samples of z-face and Z-growth synthetic

quartz at low temperatures.

decades higher respectively. It is apparent that the concentration of

crystal defects responsible for the 50°K peak is (a) commonly greater

in synthetic quartz and (b) dependent upon the crystallographic orienta-

tion of the seed plate. It must be noted that other growth conditions be-

sides seed orientation can affect the 50°K defect concentration.

Assuming that the 50°K relaxation process derives from some impurity

or combination of impurities, a spectrochemical analysis of the z-face

and Z-growth samples should reveal large differences in the impurity

concentration between the two materials. In Table I may be seen the

emission analysis* of two quartz samples taken from the same mother

* Analysis made by the Spectrographic Services and Research at the Naval

Gun Factory Laboratory, Washington, D. C.
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Table I— Concentration of Impurities in ppm

Impurities z-face Z-growth

Al 30 10
Fe 10 10
Mg 0.3 0.3
Na 3 3

Cu 0.1 <0.1
Li 1 0.3
Ni 10 <10

crystals from which the z-face and Z-growth specimens (Fig. 4) were

obtained.

The obvious similarity of the synthetic samples regarding the concen-

tration of impurities, together with their vastly different 50°K absorption

presents a rather strong argument against associating the 50°K defect

with impurities in quartz. The spectrographic analysis, of course, does

not rule out the possibility that the 50°K defect might involve an excess

or deficiency of oxygen. A defect structure involving the former will be

considered in Section V.

Significant differences between natural and some synthetic quartz

crystals have also been noted in the AT-cut frequency-temperature

characteristics.
8 '9,10 '

11 The variation of frequency with temperature be-

tween — 60° and 100°C for a series of crystal units fabricated from the

Z-growth quartz is shown hi Fig. 5. From the AT-cut family of curves

two identifiable characteristics may be determined by graphical analysis.

One is the angle of rotation, do , for which the frequency excursion over

the temperature range Is a minimum and the other is the inflection tem-

perature, T, , of the f-T curve for a crystal cut at 6 = O . For natural

and Z-growth quartz O and 7\- are nearly the same and given by
35°20' ± 1' and 30°C ± 2°C respectively. Departures from the above

characteristics occur in z-face quartz, where 6 is found to be some four

minutes larger and 7\ is shifted to 40°C. In all samples of quartz ex-

amined there is a unique concurrence of shifts in the frequency-tempera-

ture characteristics with amplitude of the 50°K relaxation absorption.

The resonant frequency of a rotated Y-cut crystal is given by:

21 ]/f = k\ —Cm
P

(8)

In this expression, / is the resonator thickness, p is the density of quartz

and c66
'

', the effective elastic constant, is

c%6 = fee cos'
2 6 + cu sin2 6 — cu sin 20, (9)

where c,j are the elastic constants.
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Fig. 5 — Frequency vs. temperature curves between —60° and 100°C for a group
of AT-cut resonators fabricated from the Z-growth synthetic crystal.

From (8) the change in frequency attending a small variation in cee

is found to be

,, / dcm
'

df = 7y
—t (10)

It was pointed out in the previous section that a relaxation process

will cause a lowering of the elastic modulus, for a given frequency of vi-

bration, at temperatures above the relaxation absorption. If dc^ in

(10) is taken as the change in the elastic modulus due to complete relaxa-

tion, then

4/

/

A
2'

or

# = cr 1

(ID

(12)
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Thus, the relative change in / attributable to the complete relaxation of

a simple relaxation process, is just equal to the maximum value of the

associated absorption.

Neglecting the normal variations of frequency with temperature, the

effect described above should alone account for a difference of frequency

of approximately 1,000 ppm between otherwise identical natural and

z-face quartz AT-cut resonators above 50°K. It is suggested that the

observed variations in the f-T characteristics between natural and

synthetic AT-cut resonators arise from a change of one or more of the

clastic constants comprising ffi6
', attending the relaxation of the 50°K

defect.

The dielectric loss in quartz at low temperatures has been reported

by Volger, et al.
12 The loss in natural quartz and samples of z-face and

Z-growth quartz at 32 kc is described in Fig. 6. A number of the dielec-

tric loss peaks in quartz have been associated12 with the relaxation of

specific crystal defects. The activation energy and relaxation time to

for the dielectric loss which appears at 38°K in Fig. 6 are reported to be

1,270 cal/gm mole and 2 X 10-13 sec. These values compare closely with

those for the 50°K mechanical relaxation. Furthermore, the relative pos-

sition of the dielectric tan 5 values for the z-face and Z-growth specimens

is in general agreement with the mechanical absorption at 50°K for simi-

lar samples. It appears definite, therefore, that the 50°K defect gives

rise to an orientational electric polarization.

Volger, et al. have suggested that the 38°K dielectric absorption is

caused by what is referred to as a B-center type defect, namely 2A1B.

A two-dimensional schematic representation of the 2A1B defect, along

with others which will be of interest in Section V, is shown in Fig. 7.*

The association of the 2A1B defect with the 38°K dielectric absorption

peak in synthetic quartz is based primarily on an observed higher con-

centration of Al in the synthetic material. In view of the emission analy-

sis given in Table I and the measured mechanical absorption in com-

parable synthetic samples, the above interpretation is subject to some

doubt.

V. EFFECT OF X-IRRADIATION

A number of samples of natural and synthetic AT-cut crystal units

have been irradiated with 50-kv X-rays from a tungsten target tube op-

* In a recent communication Dr. Stevels now contends that *' P defects area
responsible for the 38°K dielectric absorption rather than 2AIB defects. The ^' P
defect is similar to A.'P shown in Fig. 7(c), except that Na+

is replaced by H+
.
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Fig. 6 — Low-temperature dielectric absorption at 32 kc in natural quartz and
two samples of synthetic quartz.

erating at 48 ma. The exposure in all cases amounts to approximately

10 6 r. Two effects of considerable interest are observed : (a) in all samples,

the 50°K defect is virtually eliminated and (b) an absorption at 100°K

is induced in samples which color with irradiation. The effect listed under

(a) will be considered first.

An example of the profound change in the concentration of 50°K de-

fect with x-irradiation is shown in Fig. 8. Here the curves of Q-1 and

Af/f before and after x-irradiation are given for the Z-growth sample (A/

is equal to / — fT , where / is the frequency of the crystal unit at room

temperature and/r is its frequency at temperature T). Before irradiation,
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Fig. 7 — Two-dimensional schematic representation of some defects believed
to occur in alpha-quartz.
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TEMPERATURE IN DEGREES KELVIN

Fig. 8 — Internal friction and frequency deviation at low temperatures for

5-mc thickness shear vibration in Z-growth synthetic quartz before and after x-

irradiation.

the change in frequency of the crystal above approximately 30°K is

determined not only by the temperature dependence of the parameters

at the right in (8) but also by:

/ 1 + (wr) 2
- (13)

Here, Q„ix and t relate to the 50°K relaxation process. Since the 50°K

defects are all but eliminated with x-irradiation, the A/// vs. T curve

after irradiation in Fig. 8 describes the change of frequency with tem-

perature, exclusive of any change in c6e' due to stress relaxation. There-

fore, a difference curve of A///, before and after irradiation, should re-

semble the curve of M vs. T shown in Fig. 4. Such a curve is plotted in

Fig. 9 for the Z-growth specimen, with relative frequency change con-
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verted to read per cent change in c66'. The dotted curve is derived from

(5), with t given by (6) and A, the change in c66
' due to complete relaxa-

tion, taken to be the difference between points a and b in Fig. 9. (The

value of A, computed in this manner, can be used to approximate Qmax ,

provided the relaxation process is one involving at most a very narrow

distribution of activation energies.) A correction of the frequency meas-

urements to read in terms of frequency at resonance rather than at mini-

mum impedance would cause the calculated change in c66
' to coincide

more nearly with the theoretical curve. The difference curve below 35°K,

contrary to expectations, does not fall on the zero reference line. This

can be interpreted to signify that the 50°K defect not only contributes

to the crystal's anelasticity but also alters bonds in the crystal structure

sufficiently to cause a change in the unrelaxed c66
' and in dc^/dt.

If, as suggested in Section IV, shifts in the f-T characteristics of

AT-cut resonators can be traced to the 50°K defect, then it must follow

that x-irradiation will cause synthetic quartz to acquire the f-T be-

havior of natural quartz. In Fig. 10 the/-T curves for the z-face speci-

men before and after irradiation are shown between —60° and 100°C.

It is observed that the curve after irradiation assumes nearly the same

form as that for a natural specimen having the same angle 6.

\
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Fig. 9 — Variation of C6e' with temperature for 5-mc thickness shear vibration
in unirradiated Z-growth resonator relative to coo' after x-irradiation; dotted line
describes the theoretical curve for a simple relaxation process.
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10 — Frequency vs. temperature curves between —60° and 100°C for 5-mc
z-face synthetic resonator before and after x-irradiation and after anneal-

Annealing of x-irradiated synthetic resonators at 500°C for several

minutes causes the return of the 50°K absorption to the same amplitude

it had prior to irradiation. Therefore, annealing should also cause the

f-T characteristics of the x-irradiated z-face sample to return to the

form it had before irradiation. By referring to Fig. 8, this can be ob-

served to occur. Chi13 has examined the effects of x-irradiation on the

AT-cut f-T characteristics of various samples of synthetic quartz.

The effective elimination by X-rays of the anelasticity associated with

the 50°K defect requires that the underlying defect be readily altered

by ionizing irradiation. The 2A,B defect, however, represents a particu-

larly stable configuration. This consideration, together with a lack of cor-

relation between Al content and the 50°K absorption, does not favor

designating the B-center as the responsible defect. A discriminative

study of defect centers likely to occur in quartz and which are better
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able to account for phenomena associated with the 50°K absorption,

suggests considering the Q2+ defect [Fig. 7(f)].

A Q-center is simply a site at which an excess oxygen atom enters the

lattice structure and forms a nonbridging oxygen defect. In the Q2+ de-

fect, only one orbital electron from each of the nonbridging oxygen atoms

is paired with an electron from the nearest silicon atom. If an ionizing

radiation is sufficiently energetic to remove a paired electron from one

of the nonbridging oxygen atoms, then the oxygen atom is effectively

removed from the center. The remaining nonbridging oxygen atom may
then cross-link with the silicon atom formerly associated with the freed

oxygen and thereby reduce the center to the normal structure repre-

sented by Ao in Fig. 7(a). Thus, by a process not unlike x-irradiation,

induced cross-linking occuring between polymer chains, Q-centers in

quartz may be transformed to A -centers.

The inclusion of an extra oxygen atom in the crystal lattice will cause

a corporate distortion of bond angles in the vicinity of the defect, as

suggested by the disposition of the atoms about the center in Fig. 7(f).

It is certain that other structure-sensitive properties of quartz will

therefore be influenced by the presence of Q-centers. Berman 14 has shown

that the low-temperature thermal conductivity of quartz is quite sensi-

tive to the degree of crystal perfection. If it is assumed that, in the region

immediately surrounding Q-centers, the crystal lattice is somewhat

similar to the close-range misorientation within the silica tetrahedra of

fused quartz, then it follows that the low-temperature thermal conductiv-

ity of quartz will be decreased by an amount dependent upon the Q-

center concentration. Measurements of the thermal conductivity of a

sample of natural and Z-growth quartz by Berman* are given in Fig. 11.

It is observed that the thermal conductivity of a Z-growth specimen is

very little like that of a single crystal since the conductivity peak is de-

pressed by more than a decade and shifted toward higher temperatures.

This alteration of the conductivity peak is characteristic of an increase

in thermal resistance caused by phonon-defect interaction. Indeed, the

conductivity of Z-growth quartz approaches that of neutron irradiated

quartz.

In line with the suggestion that Q-centers contribute to the low-tem-

perature thermal resistance in quartz, it is of considerable interest to

examine the effect of X-rays on the thermal conductivity of a synthetic

sample. With the exception of Q-centers, it is unlikely that the defects

in quartz could be modified by X-rays so as to effect an increase in ther-

* R. Berman lias kindly communicated the results of his measurements on syn-
thetic specimens provided by the author.
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mal conductivity. Hence, it is not surprising to find that, whereas irradia-

tion causes an impairment of the conductivity of natural quartz (see

Fig. 11), the conductivity of the irradiated synthetic specimen increases.

It is reasonable to expect that 7-modified imperfections contributing to

the increase of thermal resistance in natural quartz are probably also

present in the Z-growth sample. In spite of such defects, however, the
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thermal conductivity of the synthetic specimen is improved with irradia-

tion.

The observed low-temperature conductivity in natural and synthetic

quartz before and after y-irradiation is thus found to be in general agree-

ment with speculations based upon the Q-center model.
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Fig. 12 — Internal friction vs. temperature for AT-cut z-face synthetic sample
operating at 5 mo before and after x-irradiation. Note the radiation-induced ab-
sorption centered about 100°K.
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Let us turn now to effect (b) above, which concerns the X-ray in-

duced internal friction, appearing at 100°K.

In the course of examining the anelasticity of x-irradiated z-face

quartz, a well-defined absorption peak centered about 100°K was ob-

served. The curves of Q_1
vs. T for the z-face sample before and after

x-irradiation are shown over the temperature range of interest in Fig. 12.

The 100°K absorption is obviously nonexistent in the unirradiated

sample, emerging only as the result of x-irradiation. (The precipitous

increase in absorption below 100°K in the sample prior to irradiation is

simply the high-temperature tail of the 50°K absorption.) The induced

internal friction may be characterized as consisting primarily of two ab-

sorption peaks of nearly equal amplitude in the neighborhood of 100°K.

Operation of the z-face sample at its third, fifth and ninth overtone

frequencies show the absorption peak to be displaced to higher tempera-

tures with increase in frequency, indicative of a relaxation process. A
plot of log co as a function of 1/Tmnx , where TmaI is the temperature at

which the lower temperature component of the 100°K absorption occurs

for a given frequency of vibration, is given in Fig. 13. Over this somewhat

narrow frequency range a straight line can be drawn through the plotted

points. The slope of the line, according to (3), is proportional to the ac-
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Fig. 13— Frequency of vibration plotted as a function of temperature at which

maximum occurs in irradiation-induced absorption.
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Fig. 14 — Comparison of x-irrarliation-induced relaxation absorption in z-face
synthetic and natural quartz resonators. Bottom curve is absorption in natural
smoky Brazilian quartz.

tivation energy for the relaxation process. For some relaxation frequency,

1/t, (3) then yields the value of t . Accordingly, E and r for the lower

temperature component of the 100°K absorption are calculated to be

2,450 cal/gm mole and 1.6 X 10~13 sec respectively.

At first thought, it might appear that the 100°K defect is simply the
50°K defect modified by the ionizing radiation, since the 100°K absorp-

tion "grows" at the expense of the 50°K absorption in the z-face sample.

In order to test this proposition, a natural quartz sample having a small

50°K absorption was x-irradiated. The resulting Q~l vs. T curve for the
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irradiated natural specimen, together with that for the z-face sample, is

shown in Fig. 14. Although the absorptions at 50°K in these two crystal

units prior to irradiation differ by some three decades, in the region of

100°K after irradiation they still agree to within an order of magnitude.

This fact tends to refute any suggested relationship between the 50°

and 100°K defects.

Crystal units fabricated from natural smoky Brazilian quartz also

exhibit essentially the same absorption characteristics through 100°K

(see bottom curve in Fig. 14), as induced by x-irradiation of clear quartz.

A visual examination of the three specimens used in Fig. 14 revealed

their color density to be roughly proportional to the height of the 100
CK

absorption. Furthermore, the 100°K absorption is removed by annealing

in much the same manner that the induced smoky color is eliminated.

These observations naturally suggest that the so-called A-band optical

absorption and the 100°K mechanical absorption in quartz derive from a

common crystal defect. This argument is strengthened by measurement

of the absorption in a sample of Z-growth quartz. (It is known16 that

Z-growth quartz shows only a very slight tendency to darken with ir-

radiation.) In Fig. 15 it is quite clear that an absorption at 100°K is just

barely detectable above background in an irradiated Z-growth specimen.

80 90 100 120 130 140 150 160 170 180 190 200 210

TEMPERATURE IN DEGREES KELVIN

Fig. 15 — Internal friction vs. temperature for AT-cut Z-growth synthetic

sample operating at 5 mc before and after x-irradiation.
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The resonant frequency of natural AT-cut samples is found to be

lowered by some 20 ppm as a result of the x-irradiation. This effect is

explicable in terms of a reduction of the elastic modulus through the

mechanical relaxation of the 100°K defect. The increase in modulus at-

tending the elimination of the comparatively large 50°K defect in syn-

thetic quartz precludes observing the above effect in most irradiated

z-face and Z-gro\vth samples.

Fondel 16 noted that the average resonant frequency of BT-cut* reso-

nators is lowered by 200 ppm after they are subjected to x-irradiation.

The change in frequency appears to be proportional to the density of the

induced smoky color. It was proposed 16 that the X-rays cause a change

in the basic properties of the quartz. It can now be stated that this

change involves the introduction of 100°K defects.

On the basis of the average frequency change for the BT-cut it is an-

ticipated that Qmox for the 100°K absorption in the average BT-cut

will be in the vicinity of 10~ 4
. In Fig. 10 are shown the variations of the

internal friction and resonant frequency of a natural BT-cut crystal

unit down to the temperature of liquid nitrogen. This particular sample

is not representative of the average natural quartz specimen since the

induced frequency lowering amounts to only 47 ppm, nevertheless

i. the onset of the frequency change coincides with the absorption at

100°K and

ii. the sum of df/f, computed according to (12), for the two absorption

peaks comprising the 100°K absorption is roughly equivalent to the ob-

served frequency shift.

Upon substitution of the values of equal to 35° 15' and —49° for

the AT and BT-cut respectively into (9), the expressions for cfl6
' are

cM' (AT) = 0.333 c« + 0.666 c66 - 0.943 cu , (14)

cm' (BT) = 0.570 cu + 0.428 cM 4- 0.990 c„ . (15)

Since the term containing cu is negative for the AT-cut, the value of

c66
' (AT) would in fact be increased if a mechanical relaxation affected

only fu . Instead, c66
' (AT) is lowered approximately yV as much as c66

'

(BT) by x-irradiation. The 100°K defect must, therefore, lower not only

Cm but also one, or perhaps both, of the other elastic constants. Bottom 17

has measured the frequency constant of AT-cut, BT-cut and Y-cut

crystals before and after irradiation. Through the use of these three

orientations, Bottom has estimated that changes of —0.07 per cent,

* A Y-cut plate rotated about t lie X-axis by an angle = —49°.
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Fig. 16 — Internal friction and frequency of vibration at low temperatures for

BT-cut natural quartz resonator before and after x-irradiation.

-0.03 per cent and -0.02 per cent occur in cH , cu and c66 respectively

as a result of x-irradiation.

VI. DEFECT UNDERLYING THE 100°K ABSORPTION

In the preceding section evidence is presented which demonstrates

the close relationship between a deformation-type structural relaxation

and color centers. It is well established that the ability of a crystal to

darken with x-irradiation Is the necessary and sufficient condition for the

appearance of a unique relaxation absorption. Henceforth, it will be

assumed that the optical and associated mechanical absorption derive

from the same crystal imperfection.

A number of investigations have been undertaken to define the nature

of the A-band defect. Brown and Thomas16 found that Z-growth colored

much less readily when exposed to X-rays than did natural quartz. Later,

Mitchell and Paige18 showed that the A-band was probably associated
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with some impurity, which Ditchburn, et al.
19 tentatively identified as

substitutional aluminum. Griffiths, Owen and Ward20 discovered a spin

resonance absorption in quartz which also appears to originate from a

defect center consisting of substitutional aluminum. More recently,

Mitchell and Paige21 have described some experimental work which in-

dicates that the magnetic effect and the A-band can be traced to the

same defect.

A defect model, adjusted to account for the observed paramagnetic

resonance absorption in smoky quartz, has been described by O'Brien

and Pryce.22 In it, an Al atom acquires a co-ordination number of four

by accepting an extra electron, becoming Al~. The Al~ may then enter

the crystal structure at a Si lattice site. In order to maintain electro-

neutrality, a monovalent cation such as Na+ Li+ or H+ must be in close

association with the Al~. It is proposed22 that the effect of an ionizing

irradiation on this center is to remove an orbital electron, most often

from one of the oxygen atoms adjacent to the Al~. The cation is then no

longer bound to the defect center and hence diffuses away, becoming

an electron trap. A two-dimensional schematic representation of this

defect, before irradiation, is shown in Fig. 7(c). It is denoted as ^[V.

The probable interaction between this defect and an ionizing radiation

is given by

&P + 7 = A1A+ + NaP- •

The AIA+ defect, Fig. 7(d), is quite similar to the A structure except

that an Al~ resides at a Si site and the defect contains an unpaired elec-

tron. As the cation migrates from the A-center, it probably picks up an

electron and becomes a NaP_ defect, Fig. 7(g). The A,A+ defect is con-

sidered to be responsible for both the magnetic and optical effects.

The observed correlation between A-band and 100°K absorption

simply means that x-irradiation of a defect in quartz produces other de-

fects which provide the mechanisms for both optical and mechanical

effects. The original defect is doubtless n!P and, on the basis of the above-

cited investigations, the color center can be traced to the A1A+ defect.

The problem remaining is to determine whether it is the A1A+ or the

NaP_ defect which is responsible for the mechanical relaxation. An in-

teresting approach to the solution of this problem involves -the removal

of mobile impurity ions from quartz. When a sample of quartz is placed

in an electric field, directed along the Z-axis and heated to approximately

500°C, a deposit is observed to collect at the cathode surface.23 The main

constituent of the deposit on a sample of natural quartz has been identi-

fied as Na.23 It is apparent, therefore, that impurity ions, which are
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a Y-BAR QUARTZ CRYSTAL

b DIRECTION OF APPLIED ELECTRIC
FIELD

C TUBE FURNACE

d PLATINUM CONTACT BLOCKS

e THIN FILMS OF THERMALLY
DEPOSITED PLATINUM

f RESONATOR BLANKS SHOWING
CRYSTALLOGRAPHIC ORIENTATION

g GLASS ENCLOSURE SEALED WITH
I MM Hg OF HELIUM AT ROOM
TEMPERATURE

h MOUNTED QUARTZ RESONATOR

Fig. 17 — Process steps for the preparation of thermoelectrically treated quartz
resonators.
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known to have a high mobility along the optic axis, can be effectively

swept from quartz.

Consider the effect of electrolytic purification on the nIP defect. In

view of the foregoing, it is reasonable to expect Na+ to be stripped from

P-centers and collected at the cathode surface. As a result, the nIP de-

fects are reduced to AIA_ which, except for an excess electron, closely

resembles the structure of the irradiation-induced A,A+ defect. The inci-

dence of NaP_ defects in the swept quartz should be quite rare. There

are, therefore, two alternatives:

i. If the 100°K absorption is due to A1A+ rather than NaP- defects,

an absorption similar to the one at 100°K should be observed in thermo-

electrically treated quartz, or

ii. If an absorption akin to the 100°K absorption cannot be generated

by sweeping the material, the 100°K absorption probably involves the

NuP_ defect.

A number of test resonators were fabricated from a natural quartz

crystal. Half the units were untreated and used for control purposes,

while the rest were thermoelectrically treated. The process steps in-

volved in the preparation of the treated crystal units are shown in Fig.

17. A plot of the mechanical loss at 5 mc in a representative treated

sample, before and after x-irradiation, is compared in Fig. 18 with an

untreated x-irradiated sample. It is obvious immediately that the ab-

sorption centered about 85°K in the swept quartz is strikingly similar

to the 100°K absorption. Both have roughly the same amplitude and

are characterized by two absorption peaks. Measurements at other fre-

quencies demonstrate that the absorption at 85°K is due to a relaxation

process with a r of the same order of magnitude as that for the 100°K

relaxation process and an activation energy of approximately 2,000

cal/gm mole. The necessary conditions for the first alternative given

above are satisfied; therefore, it is concluded that the irradiation-induced

defect underlying the relaxation process lohose absorption peak occurs at

100°K for a frequency of 5 mc is the
AlA+ defect. Conversely, the above

observations and analysis can be effectively used to argue the propriety

of relating the A-band absorption to ' A+ .

The lower activation energy for the thermoelectrically induced relaxa-

tion is perhaps attributable to the excess negative charge carried by the
A1A_ defect. The A1A_ defects in treated quartz could presumably be

easily converted to
A1A+ defects by x-irradiation. However, A-band ab-

sorption cannot be induced in swept quartz* and, significantly, neither

* It appears that V. E. Bottom (Final Report, U. S. Army Signal Corps Con-
tract, DA-36-039 so-66, 30 June 1953) first reported this effect.
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Fig. 18 — Comparison of relaxation absorption in sample of thermo-eleetri-

cally treated natural quartz and x-irradiation-induced absorption in natural

quartz.

can the 100°K absorption (see the curve for x-irradiated treated quartz

in Fig. 18.) It is conceivable that removing Na+ in treated quartz effec-

tively eliminates electron traps in the material. Consequently, electrons

ionized off
A1A_ defects by x-irradiation will readily diffuse back to these

centers and thus negate the irradiation effect.

VII. CONCLUSIONS

The concentration of deformation defects underlying the relaxation

absorption, which occurs at 50°K for a frequency of 5 mc, has been found

to be several decades higher in synthetic quartz than in the natural ma-

terial. The characteristic lowering of the elastic modulus in the region

of stress relaxation is observed as a decrease in the resonant frequency
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of AT-cut resonators at temperatures above 50°K. It is apparent that

the 50°K defect also alters the f-T characteristics of the AT-cut.

The singular lack of correlation between concentration of impurities

in quartz and the amplitude of the mechanical absorption at 50°K argues

against proposing that the responsible lattice deformation derives from

some specific impurity. This observation, together with the fact that

x-irradiation effectively eliminates the 50°K absorption, suggests that the

deformation defect consists of excess oxygen, forming nonbridging oxygen

defects.

It has been demonstrated that x-irradiation induces a 100°K relaxa-

tion absorption at 5 mc in quartz which darkens with irradiation. The

100
CK absorption is not found in clear quartz. Although a lowering of the

frequency of crystal resonators which have been subjected to x-irradia-

tion has been previously observed, it is now possible to attribute the

change to a decrease of the elastic modulus caused by the relaxation of

the 100°K defect. Since the amplitude of the 100°K absorption is pro-

portional to the color density of the irradiated sample, the defect re-

sponsible for this relaxation could conceivably be either A1A+ or NaP- •

Measurements of the mechanical absorption in electrolytically purified

sample resonators clearly favor selecting A1A+ as the responsible defect.

VIII. ACKNOWLEDGMENTS

The author wishes to thank R. A. Sykes and M. D. Fagen for their

counsel and support during the course of these investigations, and to

acknowledge the valuable assistance given by Miss Margaret Simon in

carrying out the resonator measurements.

REFERENCES

1. Bordoni, P. G., J. Acoust. Son. Amer., 23, 1954, p. 495.

2. Bommel, H. E., Phvs. Rev., 98, 1955, p. 1136.

3. Niblett, D. H. and Wilks, J., Phil. Mag., 2, 1957, p. 1427.

4. Bommel, H. E., Mason, W. P. and Warner, A. W., Phys. Rev., 102, 1956, p. 64.

5. King, J. C, Phys. Rev., 109, 1958, p. 1552.

6. Warner, A. W., Proc. I.R.E., 40, 1952, p. 1030.

7. Zener, C., Anelasticity of Metals, Univ. of Chicago Press, Chicago, 1948.

8. Chi, A. R., Hammond, D. L. and Gerber, E. A., Proc. I.R.E., 43, 1955, p. 1137.

9. Bechmann, R., Proc. I.R.E., 44, 1956, p. 1600.

10. Brown, C. S. and Thomas, L. A., Proc. A.I.E.E., 104C, 1956, p. 174.

11. King, J. C, U. S. Army Signal Corps Contract DA-36-039 sc-64586, Third
Interim Report, April 1956; Fifth Interim Report, September 1956.

12. Volger, J., Stevels, J. M. and van Amerongen, C, Philips Res. Rep., 10, 1955,

p. 260.

13. Chi, A. R., Phvs. Rev., 107, 1957, p. 1524.

14. Berman, R., Adv. in Phys., 2, 1953, p. 103.

15. Brown, C. S. and Thomas, Nature, 169, 1952, p. 39; Arnold, G., Proc. 10th

Ann. Freq. Cont. Symp., Asbury Park, N. J., 1956.



(502 THE BELL SYSTEM TECHNICAL JOURNAL, MARCH 1959

16. Frondel, C, Am. Mineral., 30, 1945, p. 432.

17. Bottom, V. E., Phys. Rev., 71, 1947, p. 476.

18. Mitchell, E. W. J. and Paige, E. G. S., Proc. Phys. Soc, B67, 1954, p. 262.

19. Ditchburn, R. W., Mitchell, E. W. J., Paige, E. G. S., Custers, J. F., Dyer, H. B.,

and Clark, C. C., Defects in Crystalline Solids — Report of Bristol Conference,
Physical Society, London, 1954.

20. Griffiths, J. H. E., Owen, J. and Ward, J. M., Defects in Crystalline Solids —
Report of Bristol Conference, Physical Society, London, 1954.

21. Mitchell, E. W. J. and Paige, E. G. S., Phil. Mag., 46, 1955, p. 1353.

22. O'Brien, M. C. M. and Pryce, M. H. L., Defects in Crystalline Solids — Re-
port of Bristol Conference, Physical Society, London, 1954.

23. King, J. C., U. S. Army Signal Corps Contract DA-36-039 sc-64586, Ninth
Interim Report, August 1957.


